Abstract-Switched reluctance motor (SRM) drives are one competitive technology for traction motor drives. This paper proposes a novel and flexible SRM fault-tolerant topology with fault diagnosis, fault tolerance, and advanced control functions. The converter is composed of a single-phase bridge and a relay network, based on the traditional asymmetrical half-bridge driving topology. When the SRM-driving system is subjected to fault conditions including open-circuit and short-circuit faults, the proposed converter starts its fault-diagnosis procedure to locate the fault. Based on the relay network, the faulty part can be bypassed by the single-phase bridge arm, while the single-phase bridge arm and the healthy part of the converter can form a fault-tolerant topology to sustain the driving operation. A fault-tolerant control strategy is developed to decrease the influence of the fault. Furthermore, the proposed fault-tolerant strategy can be applied to three-phase 12/8 SRM and four-phase 8/6 SRM. Simulation results in MATLAB/Simulink and experiments on a three-phase 12/8 SRM and a four-phase 8/6 SRM validate the effectiveness of the proposed strategy, which may have significant economic implications in traction drive systems.
Instantaneous phase current.
I. INTRODUCTION
O VER the recent decades, the development of electric vehicles (EVs) and hybrid electric vehicles (HEVs) is considered to be a key measure to reducing CO 2 emission and environmental pollution [1] - [5] . Switched reluctance motors (SRMs) are characterized with rare-earth-free and wide-speedrange advantages and are becoming an attractive technology for EV/HEV applications [6] - [12] . Due to the harsh operational environments and repetitive duty cycles, power electronic devices in traction drives are prone to failure in the transient of speed up and braking [13] , [14] . Therefore, high reliability and fault tolerance are of critical importance in EV/HEV applications.
In SRM drives, the asymmetrical half-bridge topology is the most widely used converter topology. Its fault diagnosis (such as short circuit and open circuit) is researched in papers [15] - [21] . For example, paper [16] uses the bus current, paper [17] uses the freewheeling current, and paper [18] uses the phase current to distinguish open-circuit from short-circuit faults. Other analytical methods such as fast Fourier transformation, geneticalgorithm-based artificial neural network, and fuzzy logic are introduced in fault diagnosis [19] - [21] . The SRM fault is also studied in [22] - [24] . By injecting high-frequency pulses, the fault phase winding can be identified and the fault category also can be determined [24] .
For the fault-tolerant SRM structure, increasing the number of phase in SRMs is a common method [25] , [26] . Dual channels are also developed to improve the reliability of SRMdriving systems [27] . A modular stator structure is developed to bypass the fault winding [28] , [29] . In [30] , a double-layer-perphase isolated SRM is proposed to improve the fault-tolerant capability.
This work is licensed under a Creative Commons Attribution 3.0 License. For more information, see http://creativecommons.org/licenses/by/3.0/ The fault-tolerant converter topology for SRM drive systems is studied in [31] and [32] . In order to decrease the impact of faults on the drive performance, paper [31] proposes a new topology with two switching devices added to the traditional asymmetric half-bridge topology, while it is not in the modular structure. A decentralized topology is developed in [32] to make full use of independent phase windings, but a large number of power switching devices are needed. A three-phase bridge inverter is adopted in [33] and the corresponding fault-tolerant scheme is also developed. However, the converter cannot bypass the fault winding.
For fault-tolerant control, artificial neural network and genetic algorithm are developed [34] . The fuzzy logic control without a model is proposed in [35] to improve the performance of the SRM under fault conditions. In the absence of position sensors, a fault-tolerant control strategy is proposed in [36] to deal with the phase-absent operation. A traditional asymmetrical halfbridge topology can provide fault tolerance if the SRM drive is partially faulty with the absence phase operation. In case faults occur in all phases, the SRM drive will stop working. Paper [37] proposes a fault-tolerant topology with a modular structure. There is a single extra connection node per phase. In case a fault occurs, this fault-tolerant topology can only save 1/2 winding in the fault phase. Besides, it also requires three half-bridge legs for the fault-tolerant operation. A comparison of the fault-tolerant methods is illustrated in Table I . It can be seen that the current strategies can provide some fault-tolerant functions.
In order to satisfy the application requirements, the faulttolerant SRM drive system should require the following conditions: 1) no change in the traditional SRM structure; 2) easy to fault diagnosis; 3) adapt to all kinds of converter and phasewinding faults; 4) a fault-tolerant topology with a module structure that suits for massive production; 5) relative low cost; and 6) adapt to both three-phase SRM and four-phase SRM drive systems. This paper is set out to develop a highly fault-tolerant SRM drive with the flexible converter topology to match the above conditions. In Section II, the proposed fault-diagnosis topology and strategy are introduced. In Section III, the fault-tolerant operation control strategy is illustrated. The popularization and application of the proposed method are presented in Section IV. Simulation and experiment are given in Section V. Section VI presents the conclusion. 
II. FAULT-DIAGNOSIS TOPOLOGY AND STRATEGY
A new fault-tolerant topology is developed to improve the system performance that can also improve SRM-driving system fault-tolerant ability.
A. Proposed Fault-Tolerant Topology
Traditionally, for a three-phase 12-slot/8-pole (12/8) SRM, each phase is composed of four series-connected windings, as shown in Fig. 1(a) . For phase A, the connection nodes for four winding are marked as N a1 and N a2 , as presented in Fig. 1(b) . The asymmetrical half bridge is employed as the driving topology, as shown in Fig. 1(c) . In Fig. 1(c) , S 1 , S 3 , and S 5 are upper switching devices, and S 2 , S 4 , and S 6 are lower switching devices; D 1 − D 6 are freewheeling diodes. In order to locate the fault position precisely, each phase converter is divided into three parts (I-III), as illustrated in Fig. 1(d) . The proposed faulttolerant topology is presented in Fig. 2 .
B. Open-Circuit Fault Diagnosis
Open-circuit faults are common fault phenomena in the SRMdriving system. In the traditional asymmetrical half-bridge topology, when an open-circuit fault occurs in a phase converter, the corresponding phase is out of operation, and the SRM will work in a phase absence operation. The machine torque becomes unbalanced and the torque ripple is increased. The signature of such a fault is zero current in a phase converter, which is easy to pick for diagnosis purposes. In order to achieve fault-tolerant operation, the fault part of the phase converter should be located. The flowchart of single-phase open-circuit diagnosis is shown in Fig. 3 . First, the diagnosis system checks if the phase current is always zero. If this is the case, the system takes the following actions: J 1 is switched ON and S 2 is switched OFF. Then, the controller gives driving signal to S 1 , S 7 , and S 8 . If the phase A converter can operate, part I is healthy; otherwise, part I is faulty. Next, switching ON J 4 and giving the signal of S 1 , S 9 , and S 10 , if the phase A can still operate, part II is healthy and part III is unhealthy; otherwise, part II is unhealthy and part III is healthy. When multiphase fault occurs, the fault diagnosis is carried out phase by phase; each phase fault-diagnosis progress is the same as in Fig. 3 with enabling corresponding relays and switching devices.
C. Fault-Tolerant Operation Under Open-Circuit Fault Conditions
Due to the central symmetry of the phase converter, there are two kinds of fault-tolerant operation modes. The first one is part I and part III fault scenario and the other is part II fault scenario.
When part I is under the fault condition, by turning ON relay J 1 , the fault-tolerant bridge arm (composed of S 7 and S 8 ) and the healthy parts form a new topology; the corresponding working states are presented in Fig. 4(a) -(c). In the newly formed fault-tolerant operation topology, when S 7 and S 2 conduct, the excitation circuit is shown in Fig. 4(a) . Fig. 4 (b) presents the energy recycling mode, in which the winding voltage is −V dc to speed up winding demagnetization. Fig. 4(c) shows the freewheeling conduction mode, in which the winding L a2 , L a3 , and L a4 voltage is 0. Similarly, when part III is under the fault condition, by switching ON relay J 4 , the fault-tolerant bridge arm (composed of S 9 and S 10 ) and the healthy parts form a new topology to sustain operation.
When part II is under the fault condition, switching ON relay J 1 and J 4 , the bridge arm composed of S 7 and S 8 and part I form one topology; the bridge arm composed of S 9 and S 10 and part III form another topology. Two topologies work together to decrease the influence of part II open circuit. The corresponding working states are presented in Fig. 5(a)-(c) .
When multiple phases have faults at the different parts, as shown in 
D. Switching Device Short-Circuit Fault Diagnosis
Switching device short circuit and inner-turn short circuit are the two causes for short-circuit faults. For the inner-turn short circuit, the phase windings can still operate; nevertheless, when the converter is under switching device short-circuit fault condition, the freewheeling current cannot decrease to zero after turning OFF switching devices of the phase converter, which leads to negative torque that influence the SRM system operation. When the upper switching device of phase A is shortcircuited, the only freewheeling mode is illustrated in Fig. 8(a) ; when the lower switching device of phase A is short-circuited, the only freewheeling mode is illustrated in Fig. 8(b) . As illustrated in Fig. 8 , because there is no energy recycling loop, the corresponding phase current is always higher than zero that can be employed in short-circuit fault diagnosis. Fig. 8 (c) shows a flowchart of the diagnosis of switching device short circuits. When the phase current is always higher than zero, the corresponding phase is short-circuited. After enabling J 4 , S 1 , S 9 , and S 10 to form a new converter and if the phase current decreases to zero, S 2 is proven to be short-circuited. If the phase current is still higher than zero, S 1 is short-circuited.
E. Fault-Tolerant Operation Under Hybrid Fault Conditions
When the SRM traditional asymmetrical half-bridge topology is under hybrid fault conditions, in which both open circuit and short circuit occur in the traditional topology, the fault-tolerant part can help SRM to achieve fault-tolerant operation. Fig. 9(a) presents the scenario of all upper switching devices which are under the fault condition, in which S 1 and S 3 are under the shortcircuit fault condition and S 5 is under the open-circuit fault condition; the traditional topology cannot work under the fault condition of Fig. 9(a) . In the proposed fault-tolerant topology, the relay J 1 , J 2 , and J 3 are switched ON, and the bridge arm composed of S 7 and S 8 is activated to form a new topology, as shown in Fig. 9(b) . In the new topology, the fault part of each phase is blocked; the S 7 is acted as public switching devices, and the three phases all can operate, in which only 1/4 part of phase winding cannot output torque. Fig. 9(c) shows the hybrid fault scenario 2, in which the upper switching device S 1 is under short-circuit fault, the upper switching device S 5 is under open-circuit fault, and the lower switching device S 4 is under short-circuit fault condition. Switching ON J 1 and J 3 and activating S 7 and S 8 , faulty S 1 and S 5 can be blocked; switching ON J 5 and activating S 9 and S 10 , faulty S 4 can be blocked; the fault-tolerant state is presented in Fig. 9(d) . Fig. 9(e) shows the hybrid fault scenario 3, in which fault occurs at different phases and different parts. Switching ON J 1 , J 3 , J 4 , and J 5 , a single-phase bridge is activated, as presented in Fig. 9(f) .
F. Fault-Tolerant Topology Formation Rule
In order to maintain phase independence, when part II of each phase converter is healthy, two phase nodes all connected to bridge arms are not allowed. When part II of the phase converter is faulty, the corresponding fault phase can be connected to both bridge arms without influence of other phase. As shown in There are only two bridge arms in the fault-tolerant part. Due to the traditional topology central symmetry, one bridge arm can block part I fault of the phase converter and the other bridge arm can block part III fault of the phase converter; when part II phase converter is under open-circuit condition, both bridge arms arm can support the corresponding fault phase to achieve fault-tolerant operation, as shown in Fig. 5 . Therefore, the two bridge arms can support all kinds of fault-tolerant operation. The extremely fault condition is shown in Fig. 11 ; the shadow part of the converter is broken and only part II of phase A converter is healthy. By the proposed fault-tolerant topology, the SRM can still operate by the converter formed by single-phase bridge and phase winding L a2 and L a3 .
III. FAULT-TOLERANT OPERATION CONTROL STRATEGY
Because the fault-tolerant topology and phase-winding node connection are developed, the corresponding control strategy, especially fault-tolerant operation, is needed to deal with the fault condition.
A. Control Schemes for SRM Drives Under Healthy Condition
When the SRM-driving system is in healthy condition, the fault-tolerant topology stays in the idle mode, and the system is the same as the traditional asymmetrical half-bridge topology; the current chopping control (CCC) and voltage-PWM control are employed as two basic schemes. According to the given speed ω * , the CCC is activated at low-speed condition, while voltage-PWM control is activated at high-speed condition, as illustrated in Fig. 12 . The speed controller (e.g., proportionalintegral (PI) controller) is used to regulate the motor speed. The motor speed is measured by an encoder. The turn-on and turn-off angles are determined by a commutation controller. The fault protection is provided to deal with switching devices faults and phase-winding faults and so forth. In the CCC system, the phase current is addressed by a current controller. The current reference i * is derived from the speed controller. The instantaneous phase currents are measured by current sensors and fed back to the threshold logic to calculate i max and i min that determine the switching states in each phase turn-on region. In the voltage-PWM control system, the phase voltage is addressed by a voltage controller. The PWM duty cycle is derived from the speed controller and regulated according to the instantaneous speed. The average voltage applied to the phase winding is chopped down to the value DV dc with a duty cycle D. 
B. Fault-Tolerant Control Under Unhealthy Conditions
When part I or part III of the traditional asymmetrical halfbridge topology is under the fault condition, the fault-tolerant topology can be formed by switching ON corresponding faulttolerant part. In this process, the faulty part can be blocked, and the healthy part can still work. Fig. 13 illustrates the relationship between the phase current, phase inductance, and rotor position. In the figure, θ on and θ off are the turn-on and turn-off angles, respectively, i 1 and L 1 are the phase current and phase inductance in normal conditions, respectively, i 2 and L 2 are the phase current and phase inductance in fault tolerance under part I fault conditions, respectively, and i 3 and i 4 are the phase currents when the turn-on angle is set lagged. Fig. 13(a) presents the phase current and phase inductance in the fault-tolerant operation with 3/4 phase winding. Due to the decrease of phase inductance under the fault condition, the phase current has higher current amplitude. Under the fault condition, by controlling the turn-on angle, the phase current can also be controlled as in the normal condition. The corresponding phase current is shown in Fig. 13(b) . The waveforms are similar to that in the faulty case in part III.
The phase inductance slope in the inductance-ascending region is given by
where L min and L max are the minimum and maximum of the phase inductance, respectively, and θ 1 and θ 2 are the relevant rotor positions.
In the region of θ on ≤ θ < θ 1 , the phase current is expressed as
where V dc is the bus voltage and ω r is the rotor angular velocity.
The phase current increases quickly in this region and the current slope factor K i satisfies
In the region of θ 1 ≤ θ < θ off , the phase current is expressed as
The peak of the phase current is at θ 1 and can be written as
The average electromagnetic torque of one phase can be expressed as (6) where N r is the number of rotor poles.
If the SRM system has an open-circuit or short-circuit fault in part I or part III of the converter, the proposed fault-tolerant converter will operate with 3/4 part of the fault phase winding, and the new phase inductance can be expressed as
where L min and L max are the minimum and maximum of the phase inductance in fault-tolerant operation, respectively. In the inductance ascending region, the phase inductance slope can be expressed as
In the region of θ on ≤ θ < θ 1 , the phase current slope in the fault-tolerant operation is given by
In the fault-tolerant operation, at position θ = θ 1 , the peak of the phase current can be written as
The average electromagnetic torque is expressed as
Clearly, the peak of the phase current and the average electromagnetic torque of the failure phase are 4/3 of the normal value when working in the fault-tolerant operation.
If the voltage drop that is caused by winding resistance and solid state devices is considered, (11) can be revised as
where R eq is the equivalent resistance of loop, θ p is the phase current ending angle, and i s (θ) is the instantaneous phase current. When part I or III is faulty, considering the proposed faulttolerant scheme in a CCC system, 3/4 part of the failure phase can still work to output torque. Although 1/4 part of the failure phase is out of operation and the phase current is the control reference, it will be regulated to the same reference with the normal condition. In the voltage-PWM control system, the phase voltage is employed as a control reference and the imposed voltage on each phase is the same. The current in the fault phase will be larger than that in other healthy phases due to the decreased phase inductance. In order to further reduce the unbalanced phase current in the voltage-PWM system, the turn-on angle of the failure phase can be used to adjust lagging to reduce the increased phase current in the failure winding, as illustrated in Fig. 13(b) . Therefore, the proposed fault-tolerant technology can be employed to compensate the current and torque and reduce the torque ripple to improve the drive performance in fault conditions.
IV. POPULARIZATION AND APPLICATION
In addition to three-phase 12/8 SRM-driving systems, fourphase eight-slot/six-pole (8/6) SRM-driving systems are also widely used. The proposed fault tolerance can also be used in four-phase 8/6 SRM.
A. Fault-Tolerant Topology for Four-Phase 8/6 SRM
Traditionally, for the 8/6 SRM, each phase is composed of two winding series connection, as shown in Fig. 14(a) ; for phase A, the connection node for two winding is marked as N a , and the phase converter is divided into two parts, left part and right part, as presented in Fig. 14(b) . The proposed fault-tolerant topology is illustrated in Fig. 14(c) , which is composed of a signal-phase converter and a relay network.
B. Fault-Tolerant Operation
Because the traditional 8/6 converter is composed of two parts, usually, the fault can occur in either. The bridge arm composed of S 9 and S 10 can block the left-part fault, and the bridge arm composed of S 11 and S 12 can block the right-part fault. The fault-diagnosis process is similar to the 12/8 SRMdriving system. Thanks to the relay network, when the faulty part is located in the fault phase, the corresponding relay is switched ON to block the faulty part. Fig. 15 shows the typical hybrid faulty scenario in which each phase has fault; in the traditional 8/6 SRM topology, the driving system cannot work. By the proposed fault-tolerant topology, the faulty 8/6 SRM can still operate with the new formed phase converter avoiding phase absence operation, and the states of phase windings in relation to the switching actions are illustrated in Table II .
V. SIMULATION AND EXPERIMENT
In order to validate the proposed fault-tolerant topology, a 750-W 12/8 SRM is modeled in the MATLAB/Simulation. Fig. 16 presents the simulation results of the 12/8 SRM in the voltage-PWM control mode at 600 r/min under normal and fault conditions. The turn-on and turn-off angles are set to 0°and 20°, respectively; the load torque is set to 1 Nm. In the waveforms, i a , i b , and i c are the phase A, B, and C current, respectively. T and T * are the instantaneous torque and given load torque, respectively. In the normal conditions, the three phase currents have the same shape with 15°phase-shift compared to each Fig other, and the total torque is the sum of three phase torque, as shown in Fig. 16(a) . Fig. 16(b) shows the simulation results of switching device open-circuit fault condition of part I; thanks to the independence of each phase leg, the fault phase will not affect the other healthy phase, while the torque ripple gets larger than that in normal conditions. Fig. 16(c) shows the simulation results of upper switching device short-circuit fault condition of phase A; the corresponding phase voltage cannot be regulated in phase turn-on region, and the demagnetization current also cannot flow to power supply in the phase turn-off region; therefore, phase A current is obviously larger than the normal phase, causing the torque ripple. Fig. 17 illustrates the simulation results of the 12/8 SRM in the voltage-PWM control mode at 600 r/min with the faulttolerant topology under phase A fault conditions. In Fig. 17(a) , the current slope and peak value of phase A in the initial conduction region are 4/3 of the normal value that coincides with theory analysis, although using the fault-tolerant topology, the torque ripple is still large. In order to reduce torque ripple effectively, a fault-tolerant scheme lagging the turn-on angle of the fault phase is carried out, as presented in Fig. 17(b) . The turn-on angle is set to 5°for phase A, and the torque ripple is clearly reduced compared to Fig. 17(a) . 18 illustrates the simulation results of the 12/8 SRM in the CCC mode under normal and fault conditions, respectively. In Fig. 18(a) , the torque ripple is smaller than that of the voltage-PWM control mode in the normal condition shown in Fig. 16(a) . Fig. 18(b) and (c) shows the simulation results under open-and short-circuit fault conditions that are similar to the voltage-PWM control mode. Fig. 19 presents the fault-tolerant results in the current regulation control mode at 600 r/min with the proposed fault-tolerant topology. In the current regulation control system, phase current is the control target, and it is reg- ulated to the same reference compared to the normal one, and the torque ripple is effectively reduced to the normal condition compared to Fig. 18(a) .
To verify the effectiveness of the proposed fault-tolerant scheme, an experimental rig for testing a 12/8 and a 8/6 prototype SRM is set up, as shown in Fig. 20(a) . The main motor parameters are illustrated in Table III . Air switches are adopted to emulate open-circuit and short-circuit faults. The winding nodes are created and pulled out at the terminals when producing the prototype motor. An asymmetrical converter is employed in the system to drive the SRM, and a single-phase converter is used to achieve the fault-diagnosis and fault-tolerance operation. The switches are MOSFET FDA59N30 and diodes are IDW75E60. The Hall current sensors (LA55Ps) are adopted to measure the phase currents. A 1000-line incremental encoder is used to measure the rotor position. A dSPACE 1006 platform is employed to implement the control algorithm. A magnetic brake acts as the load with a torque of 1 Nm. The dc-link voltage is fixed to 48 V. The torque observed in the oscilloscope is obtained online by using the real-time phase currents and rotor position to look up for the torque value in a 3-D torque table that includes the T-i-θ characteristics [33] , [34] . The torque data in the lookup table are measured by using a rotor-clamping device when supplying different steady currents to the motor windings in a rotor position that changes step by step. The output torque in the experimental waveforms is observed though a D/A converter. Fig. 20(b) shows the fault-tolerant control system diagram with the closed-loop speed regulation capability. As illustrated in the figure, a PI controller is employed to regulate the motor speed, and the proportional gain and integral gain are 0.05 and 0.5, respectively. The current controller and voltage controller are utilized to generate the drive signals to control the motor drive in different operation modes. The position detector and speed calculator are used to give the instantaneous speed for feedback control. The current sampling and fault-diagnosis schemes are employed to control the gate signals for the fault-tolerant topology to operate under fault conditions. Figs. 21-24 present the experimental results of the 12/8 SRM at 600 r/min, and the turn-on and turn-off angles are set to 0°and 20°in the 12/8 SRM drive. In the voltage-PWM control system with the fault-tolerant topology, the turn-on angle is set to 5°to improve the phase current balance for the fault-tolerant performance when the short-circuit fault occurs. Fig. 21 presents the typical voltage-PWM control model waveforms of the SRM under normal, open-circuit fault, and short-circuit fault conditions, respectively. Fig. 21(a) shows the experimental waveform under normal condition; three phases have the same current amplitude and shape. Fig. 21(b) shows the experimental result under the open-circuit fault condition without the proposed fault-tolerant strategy; there is no current in the fault phase; in a closed-loop system, when the open-circuit fault happens, the other two phase currents are excited to be larger than the previous one by increasing the PWM duty cycle, to compensate the absent phase torque. Fig. 21(c) presents the short-circuit fault condition without the proposed fault-tolerant strategy, in which the fault phase current cannot decrease to zero; the experiment results have agreed well with the analytical study in Section II. Fig. 22 verifies the control strategy in the voltage-PWM control mode under the fault condition. As shown in Fig. 22(a) and (b) , by controlling the turn-on angle of the fault phase, the output torque ripple can be decreased obviously. Fig. 23 presents the typical waveforms for the CCC model under normal, open-circuit fault, and shortcircuit fault condition. In the open-circuit fault condition, there is no current in the fault phase, as shown in Fig. 23(b) , while in the short-circuit fault condition, the fault phase current cannot decrease to zero, as shown in Fig. 23(c) . With the proposed fault-tolerant method, the fault phase current and output torque can follow the reference values faithfully under the CCC mode, as shown in Fig. 24 . Due to the symmetrical structure of parts I and III of the phase converter [see Fig. 1(d) ], part I fault has the same characteristics as part III fault. Fig. 25 shows the fault-tolerant operation at 600 r/min and 5-Nm load in CCC and voltage-PWM control modes under phase A part I fault condition. The system can still be stable when operating at large load and make up for the missing output torque of the fault phase. Fig. 26 shows the operation of the developed system during acceleration and at high speed with the 1-Nm load. As illustrated in Fig. 26(a) , the speed follows the given value well during the continuous acceleration progress. In Fig. 26(b) , the system is still stable when it is operated at 1500 r/min, which presents good stability. Fig. 27 shows the fault-tolerant operation with only a halfphase winding at 600 r/min and 1-Nm load in voltage-PWM control and CCC modes, respectively. As shown in Fig. 27 , only phase A has current and the other phases are out of operation. The system can still operate with only a half-phase winding at light load. Fig. 27(c) and (d) illustrates the fault-tolerant operation with only a half-phase winding during acceleration and load increasing. The speed still follows the given speed well no matter during acceleration and in steady state, as shown in Fig. 27(c) . However, in Fig. 27(d) , when the load increases from 1 to 3 Nm, the speed is reduced due to the insufficient load ability. Hence, in the extreme fault conditions, the proposed fault-tolerant scheme can still operate at light loads.
In order to verify the proposed fault-tolerant scheme for the 8/6 SRM, the experimental tests are also carried out on a fourphase 8/6 SRM. Fig. 28 presents the operation waveforms under normal, open-circuit fault, and short-circuit fault conditions without the proposed fault-tolerant strategy. The turn-on and turn-off angles are set to 0°and 28°, respectively. Fig. 29 shows the experimental waveforms with the proposed fault-tolerant strategy. In the voltage-PWM control system with the faulttolerant topology, the turn-on angle is set to 8°to improve the phase current balance for the fault-tolerant performance when the short-circuit fault occurs, as shown in Fig. 29(b) . By the proposed fault-tolerant strategy, the torque ripple is limited in low ripple and the fault phase can still work as normal phases; therefore, the proposed fault-tolerant strategy can still apply in the 8/6 SRM. The only difference is that a phase winding can be divided into two parts for the 8/6 motor, while it is divided into three parts for the 12/8 SRM. Table IV presents a comparison of torque ripples with and without the proposed fault-tolerant strategy. It can be seen that the proposed fault-tolerant strategy is effective in reducing the torque ripples. For example, under a single-switch open-circuit fault and PWM control mode, the torque ripple is 3.1 Nm without fault-tolerant strategy, which is nearly six times higher than its healthy condition. The torque ripple is reduced to 0.56 Nm when the proposed fault-tolerant strategy is implemented. When a single-switch short circuit occurs, the torque ripple is 8.2 Nm without fault-tolerant strategy, which is over 15 times of its healthy condition. It is reduced to only 0.56 Nm with the proposed fault-tolerant strategy. Fig. 30 presents a transient progress of the system with the proposed fault-tolerant strategy. Fig. 30(a) and (b) illustrates the progress of open-circuit fault and short-circuit fault, respectively. Within 50 ms upon a fault, the proposed strategy can realize fault detection and the system can operate with the fault. Fig. 31 shows the efficiency of the SRM drive under the healthy condition, with fault-tolerant condition, and without fault-tolerant condition. For this low-power SRM prototype, the system efficiency is relatively low [38] - [41] . However, it is still very clear that the proposed fault-tolerant strategy can improve the system efficiency under fault conditions. The proposed method can effectively bypass the faulty component while still operating with healthy components in the fault phase. Without such a fault-tolerant strategy, the fault phase is lost and the system efficiency is very low.
VI. CONCLUSION
In this paper, a novel flexible topology is introduced to improve the reliability of SRM drive systems for EV/HEV applications. The main contributions of this paper are: 1) fault tolerance is achieved by developing a modular and low-cost structure, without changing traditional SRM-driving topology; 2) by the introduction of winding nodes, the traditional asymmetrical half-bridge topology is divided into three parts; by switching ON fault-tolerant part, fault diagnosis can be achieved easily; 3) for part I or part III fault, the proposed fault-tolerant topology only reduce 1/4 output; 4) when a fault occurs in one phase or faults occur in all phases, the SRM drive can still operate with the healthy parts of the fault phases, and the improved faulttolerant operation control strategy is proposed to decrease the influence of the fault; and 5) the proposed fault-tolerant solution can be used in 12/8 and 8/6 SRMs and only needs two faulttolerant half bridges. The developed technology can improve the reliability and cost efficiency of the SRM drive for EV/HEVs, as well as electric aircraft and ships.
